We studied a simple model of hidden sector consists of a Dirac fermion χ and a spontaneously broken U (1) s symmetry. The dark sector is connected to the Standard Model(SM) via three righthanded SM singlet neutrinos, N R 's, and the kinetic mixing between U (1) s and U (1) Y . A mixing between the scalar φ that breaks U (1) s and the SM Higgs boson, H, is implemented via the term φ † φH † H and this provides a third connection to the SM. Integrating out the N R at a high scale not only gives the active neutrinos, ν, masses but generates effective Dirac type of couplings between ν and χ. This changes the usual Type-I seesaw results for active neutrino masses and makes χ behave like a sterile neutrino even though its origin is in the hidden sector. χ is also split into a pair of Majorana fermions. The amount of splitting depends on the parameters. If the lighter of the pair has a mass around keV, its lifetime is longer than the age of the universe and it can be a warm dark matter candidate. Signatures of χ in high precision Kurie plots of nuclei β decays and low energy neutrino nuclei coherent scatterings are discussed. The model also induces new invisible Z decay modes that can be searched for in future Z factories. * Electronic address: wfchang@phys.nthu.edu.tw † Electronic address: misery@triumf.ca
I. INTRODUCTION
Some time ago we investigated a very simple shadow U(1) s sector which consists of a scalar φ that spontaneously breaks the gauged abelian symmetry [1] . The resulting massive gauge boson X µ was allowed to kinetically mix with the hypercharge gauge boson B µ of the Standard Model (SM). The scalar φ also couples to the SM Higgs field H via the term φ † φH † H. In today's parlance, this will be the simplest two portal model respecting the SM gauge symmetry. The first portal is vector with the hypercharge as the mediator and the second is a scalar portal mediated by the Higgs boson. U(1) s symmetry breaking scale characterized by v s is taken to be above the electroweak breaking scale given by v = 247GeV.
A scale-invariant version for the scalar sector was also constructed [2] . Moreover, the models did not yield a dark matter candidate. In this paper, we extend the model by adding a massive Dirac fermion χ which is a SM singlet but is charged under the local U(1) s . We also included at least two heavy righthanded SM singlet neutrinos, N R , which are singlets under U(1) s . Doing so enables us to use the type-I seesaw mechanism for active neutrinos masses. For clarity's sake, much of our discussion will be given for one N R and extending to the realistic case of 3 N R is straight forward. N R will also play the dual role of a fermion portal to the hidden sector. This constitutes a very simple complete minimal model with all three portals present.
Since the physics of the U(1) s gauge boson and the scalar had been discussed thoroughly before, we shall concentrate here on the fermion χ. In particular, we explore the parameter space which allows χ to be a dark matter candidate. The minimal content of the hidden sector and using the conventional breaking of the U(1) s does not leave us with a symmetry that can protect χ from decaying and thus, in general, it cannot be stable. Without imposing an ad hoc symmetry, the only open option is to arrange χ to be long-lived and plays the role of warm dark matter (WDM); similar to that of a sterile neutrino. Recently, WDM receives increasing attention due to its ability to address the small scale problem of the cold dark matter plus cosmological constant (ΛCDM) paradigm. ΛCDM have DM masses in the GeV to TeV range and predicts too many satellite galaxies in the Milky Way and cusped DM profiles which contradicts current observations. On the other hand, DM with masses in the keV range are capable of accommodating the number of observed satellites as well as cored profiles of dwarf galaxies which are believed to be DM-dominated.
The satellite problem arises because free relativistic particles do not cluster and they erase structures of scale smaller than the particle free-streaming length ℓ fs which is approximately the distance traveled before the particle becomes non-relativistic ∼ c/3. For keV scale ℓ fs ∼ 100kpc. On the contrary for CDM which is heavier and slower has ℓ fs million times smaller and leads to too many small scale structures [3] . While CDM is very successful in accounting for large scale structures and many other cosmological observations (see [4] for a review), it gives a steep cusp at the center for the galaxy density profile ρ ∼ r −1 [5] . In contrast, WDM gives a finite constant density at the center ρ ∼ ρ 0 which is more in line with observations [6] .
In addition, there are claims of the detection of a monochromatic line at 3.56 keV X-ray data towards the Andromeda and Perseus cluster [7] and [8] . This can be interpreted as the radiative decay of a fermion, usually taken to be sterile neutrino, into an active neutrino plus a photon. While this is suggestive, more mundane astrophysical explanation is also possible. Here we explore the possibility that monochromatic gamma can come from the radiative decay of χ → ν + γ for a range of masses of interest in explaining the small scale structure conundrum. This motivates us to focus the χ mass in the range of 2 − 10keV.
We shall see later that the astrophysical and cosmological properties of χ we arrived at is almost indistinguishable from that of a sterile neutrino. A lucid review of sterile neutrino as warm dark matter can be found in [9] . We emphasize that χ conceptually and physically is different from a sterile neutrino since it is not connected to active neutrino mass generation.
As expected if χ were to be a viable WDM candidate the parameter space of the model will be restricted.
The paper will be organized as follow. In Sec. 2, we will discuss in detail the model and how the role of high scale type-I seesaw plays in our study. This leads to the lifetime of χ in Sec. 3. The implications of χ for low energy precision neutrino physics are given in Sec.4. Effects on β decays of nuclei, neutrinoless double beta decays of nuclei and recently observed coherent low energy neutrino scattering producing χ will be examined. This is followed by miscellaneous considerations of χ at higher energies given in Sec.4. The main new result is the additional invisible decay of the SM Z. In Sec. 5 we discuss the cosmological requirements of χ as the viable WDM and the limits this sets on the parameters of the model. Sec. 6 contains our conclusions. 
II. TYPE I SEESAW AND THE THREE PORTALS TO THE HIDDEN WORLD
In the usual notation, the gauge group of the model is SU
the color sector is omitted. We begin by discussing only one generation. The fields beyond the SM ones we use are SM singlet righthanded neutrino, N R , the hidden Dirac fermion χ which can be considered as a pair of different chiralities Weyl fermions χ L,R , a hidden sector scalar, φ and the gauge field X µ of U(1) s . The fields and their relevant quantum numbers are given in Table I .
The complete gauge invariant Lagrangian is given by
where ℓ L , H are the SM lepton doublet and the Higgs field respectively withH = iσ 2 H.
B µν is the field strength tensor of U(1) Y and g s is the gauge coupling of U(1) s . We have arbitrarily chosen χ, φ to have unit shadow charge with convention given in Eq. (1) . It is interesting to note that a conventional lepton number of one unit can be assigned to χ and 0 for φ. But it is not necessary since the Majorana mass term for N R breaks that explicitly by two units. The portal terms are ǫ in L sh , L N χ and the κ term in V (H, φ).
Next, we implement the type-I seesaw mechanism. This means that we shall assume that M N is much heavier than any other masses and integrate out N R . The easiest way to do this is diagrammatical. This generates some dimension five terms below the scale M N as depicted in the Feynman diagrams given in Fig.(1) . The effective theory below the seesaw 
After spontaneous symmetry breaking (SSB) with < H >= v/ √ 2, one gets the familiar Weinberg operator [10] for active neutrinos mass ∼ y 2 v 2 2M N , see Fig. (1a) . In addition, we also have SSB for U(1) s via < φ >= v s / √ 2. This induces a mass mixing with the hidden fermion Fig.(1b) . Repeating this for all the diagrams of Fig. (1) yields for one SM generation a 3 × 3 effective neutrino mass matrix M ν . In the weak basis {ν, χ L , χ c R } it is given by
We reiterate that M ν is a consequence of generalizing the high scale type-I seesaw mechanism to include the fermion portal Lagrangian with SSB taken afterwards. Thus, the hierarchy of
It is easy to see that with this hierarchy entries of the active neutrino masses, i.e. the upper most left corner of Eq.(3) is in the sub-eV range for y 2 M N ≃ 10 −14 (GeV ) −1 . We shall use the benchmark point 0f M N = 10 10 GeV, y = 10 −2 and v s = 1 TeV. Thus, v 2 s M N ≃ 100keV and vv S M N ≃ 10keV. We also work in the perturbative regime and hence take f L/R 1. Specifically if we take M χ ∼ 10keV and
It is easy to see that the splitting of χ L and χ R arises from the f 2 L,R terms. For f L/R ∼ 0.1 this is O(1keV). Thus, χ will remain essentially a Dirac fermion for this range of parameters. As a reminder, M χ is not the physical mass. Even smaller splitting can be obtained by taking f < 1. We note that the physical states are actually two Majorana neutrinos χ 1 , χ 2 with masses so close to each other that most experiments cannot resolve them.
For larger splitting we have to explore a different parameter region. If we take f L = To make the physics more transparent how the above considerations can alter the type-I seesaw mechanism for active neutrino mass generation and the value of the eventual physical mass of χ, we again setting f L = f R = f , y = 1, M N = 10 14 GeV, and ignore the splitting 
The eigenvalues are
where a = v 2 MχM N and b = f vvs 2MχM N and a, b ≪ 1 for M χ > 100eV. Thus,
The physical mass of χ is pushed up but not changed by much. On the other hand, the physical mass of the active neutrino is pushed down compared from the type-I seesaw value.
It is instructive to look at some typical numbers. M χ is a free parameter. If we take v s = 1TeV, M N = 10 14 GeV (here we set y = 1) the correction to M χ = 1keV is negligibly small. In contrast, the correction to the seesaw active neutrino mass is ∼ f 2 % (see. Eq. (8)) which can be substantial if f > 1. Furthermore, the correction is more significant for smaller values of M χ .
The mixing angle is given by
As expected, the heavier χ is, the smaller is the mixing with the SM active neutrino. Furthermore, its effect on the active neutrino mass is also less. In many aspects, it behaves very much like a sterile neutrino although it originates from a hidden sector.
It is important to note L 5 also gives rise to dimension-4 operators when only one of the scalar fields pick up a VEV. An example will be vs M N f R χ R ℓ L H, which is not present in the original Lagrangian. This can lead to invisible decay modes for the Higgs boson if χ is sufficiently light. However, the effective coupling is expected to be O(10 −10 ), and the decay cannot be detected in the near future. The rest of similar terms can be read off from Eq. (2) and they all have seesaw suppressed couplings.
Generalizing to the 3 active neutrino case is straightforward. For simplicity we set f L = f R = f and the neutral fermion mass matrix is now 5 × 5 matrix since χ is now split into two Majorana fermions denoted by χ 1,2 . In the weak interaction basis, ν α , α = e, µ, τ, χ L , χ c and ignore the seesaw suppressed Majorana masses to χ R,L , this is given by
where we have restored the various Yukawa couplings of active neutrino N R couplings and
The mass basis ν i , i = 1 · · · 5 is related to the weak basis by a unitary transformation :
The weak charged current in the mass basis can be obtained from
Without going into the detail numerical analysis of neutrino oscillation data, one can expect that U α4,5 to be approximately given by Eq. (9) . Similarly, with the help of unitarity of U, the neutral current involving neutrinos in the mass basis can be deduced to be
For i, j = 4, 5 there is a small off-diagonal coupling that can be neglected. For the diagonal term the coupling strength is essentially that of the SM since the second term is negligible.
It is clear that since χ can mix with the active neutrino with a small mixing angle, it behaves very much like a sterile neutrino. It has similar charged and neutral currents interactions as a sterile neutrino would through mixing. However, its origin is very different from the sterile neutrino commonly studied. There are numerous models for sterile neutrinos.
It is useful to compare our case with a complete model of sterile neutrino to bring out the differences. The well-known example is the Neutrino Minimal Standard Model (νMSM) [11] which is a low scale seesaw model, i.e., the lepton number breaking scale is below the Fermi scale. There are three sterile neutrinos corresponding to the three N R 's, two of which are in the GeV range and the third is the keV range. The last one is identified as WDM. This is the only state in this mass range. On the other hand, χ consists of two nearly degenerate states.
If the splitting is > 100keV, optimistically, this can be seen in near future experiments(see Sec.5) and thus offers a distinction from the sterile neutrino scenario. Otherwise, χ will be a pseudo-Dirac fermion. In this case, it will be more difficult to tell two scenarios apart. It may be necessary to examine other signals.
III. STABILITY OF THE SHADOW FERMION
It is clear from the previous discussions that none of the hidden sector fields can be stable after SSB. For χ to play the role of WDM we assume that is the lightest of the hidden particles. Denoting the mass eigenstates by χ ± and requiring that they have masses in the O(10keV) range the only available decays are χ ± → 3ν and χ ± → νγ. The width of the invisible decays is given by
as they are Majorana states.
The radiative decay is a 1-loop effect. Unlike most loop effects the model dependence can be reduced to only the mixing angle by calculating the width in the U-gauge. The width is
The invisible decays will be faster than the radiative mode. For M χ = 10 keV and a lifetime longer than that of the universe will give the constraint
This is to be compared with the expectation of ∼ 10 −4 given by Eq. (9) for v s = 1TeV. This validates χ ± as WDM candidates. This decay will give a monochromatic X-ray line for each of the χ's if the splitting is larger than the experimental resolution but still small enough to be in the < 10keV range.
Next, we consider the scenario that χ splits into two Majorana neutrinos one with mass 10 keV and the other 100 keV. The lifetime of the heavier one is estimated to be ∼ 3.3 × 10 5 years with the same mixing as in Eq.(15). This will not affect the cosmic microwave background measurements and thus can also be a viable cosmological scenario. It may have later time cosmological implications which are beyond the scope of this investigation.
IV. IMPLICATIONS FOR LOW ENERGY NEUTRINO PHYSICS
A. β decay spectrum
It is well known that a detailed study of the β decay spectrum of nuclei can reveal the existence of one or more heavy neutrinos. This has been studied in the context of Kaluza-Klein extra dimensional models [13] where there can be many such neutrinos. More recently, a detailed study has been conducted for tritium decays [14] . The KATRIN experiment [15] can also be used to look for neutral leptons of mass lower than 18 keV.
For a nuclear β decay with its mass ≫ Q, E e , m να , the differential decay rate as a function of electron energy E e is given by the leading approximation
where K β includes the nuclear matrix element, the Fermi function, and G F . And Q is the Q-value of 18.59 keV for tritium. We have also separated the heavy Majorana fermions χ 2 , χ 1 with masses M 2 , M 1 from the physical active neutrinos given in the last term. The spectrum consists of three branches if the energy resolution is smaller than M 2 − M 1 . The first one will cut off at
and give a kink at that point. The second kink appears at
To illustrate, we display the differential decay rates in Fig. Fig.2(a) with a unrealistic sizable mixing |U e4,5 | = 0.4 for two representative sets of M 1 , M 2 .
In Fig.2(b) , we display the ratio of the same Kurie plot to that of the SM derivation from unit for two representative sets of M 1 , M 2 . If the energy resolution is not sufficient to resolve the two masses, then one smeared kink will appear in the spectrum before it cuts off at E e ≃ 18.59keV and gives the usual result of
To be able to observe kink-like structure in the spectrum the energy resolution will have to be approximately 300 eV in this energy range, and a dedicate experiment is being proposed [16] . A limit on the mixing of |U e4,5 | 2 10 −7 can be set if no kinks were found.
B. 0νββ decays of nuclei
For Majorana neutral fermions of mass less than 100 keV and mix with the SM active neutrinos, the usual neutrino exchange mechanism for 0νββ decays of nuclei is still applicable.
The effective Majorana mass for ν e denoted by m ee is given by
where α j , j = 2 . . . 5 are the Majorana phases. There are now four such phases in addition to the Dirac phases in U ei which now total 3. It is instructive to compare the contributions of the SM active neutrinos versus the χ's. Without going into the details, one expects the active neutrinos to contribute 10 −2 − 10 −3 eV to m ee . Using Eq.(9) as a guide, they contribute 10 −4 − 10 −2 eV, depending on the Yukawa, for M 1,2 ∼ 10keV. Hence, the mixing of χ with the SM neutrinos will significantly change the expectations of 0νββ decays.
C. Coherent low energy neutrino production of χ
We have argued that χ can be a warm dark matter candidate if its mass is in the keV range. It is a prime candidate for production in low energy coherent neutrino-nucleus scattering (CEνNS) which has been observed recently in the COHERENT experiment [17] at a spallation neutron source. Such experiments can also be carried out at high powered reactors. The principal experimental challenge is to detect very low nuclear recoils. Cryogenic bolometers harbor the promise to detect sub 100 eV recoils [18] .
The most important physics requirement for CEνNS is a small momentum transfer to the nucleus. This has to be smaller than the inverse radius of the nucleus in order to maintain coherence. The scattering process must also not alter the quantum state of the nucleus.
Nuclear excitations must not be triggered otherwise it will break the coherence of nucleons that are scattered. We studied the process
where N denotes the nucleus. We are interested in how Eq.(21) can be used to limit the parameter space of the model.
The two main fundamental processes are due to Z and H exchanges as shown in Fig.(3) .
The one-photon exchange process is very small in our model and can be ignored. The two main processes have the same kinematics but give different differential cross sections dσ dT where T is the recoil energy of the nucleus. The Z exchange process is similar to the SM coherent scattering and thus is suppressed by the ν − χ mixing. It is well known that it is sensitive to the weak charge of the nucleus Q w = N − Z(1 − 4 sin 2 θ W ) and N(Z) represents the number of neutrons(protons)in the nucleus. Due to the accidental cancelation of the proton weak charge this cross section is expected to scale as N 2 . Moreover, we can view (a) as an additional branch to the SM process much the same way it adds to the β decay spectrum studied earlier. On the other hand, (b) has no SM equivalence since it requires the existence of a righthanded singlet fermion such as sterile neutrino. Here χ plays that role although it is not a sterile neutrino per se. Furthermore, (b) is sensitive to Higgs nucleon coupling, [19] and M N is the nucleon mass. This coupling is both experimentally and theoretically interesting. Neglecting the small neutron-proton mass difference and use M N → M where M is the mass of the nucleus. Roughly speaking we can take
The two important kinematic quantities are the scattering angle θ (see Fig.(3 c) ), and the recoil energy T . In terms of T , the scattering angle is
where E ν is the incoming neutrino energy, and M is From this, we obtain the maximum T + and a minimum T − allowed recoil energies
We recover the SM values by taking m χ = 0. Hence T SM + = 2E 2 ν (M +2Eν ) and T SM − = 0. The differential cross section can be written as
where M is the invariant amplitude. The cross sections are the same forν. For the Z exchange process we have
where F is the nuclear form factor for the specific nucleus used in the detector, and q 2 = −2MT is the momentum transfer squared. For m χ = 0, it reduces to the well-known SM result [20] . Here ℓ is the flavor of the incoming neutrino. For reactor neutrinos ℓ = e and for spallation neutron source ℓ = µ, e. Similarly, the cross section due to scalar exchanges is
where y χ parameterizes the new dimension-4 H − ν − χ coupling (see Fig.(1) ) and α is the mixing angle of Higgs and φ. We have included φ exchange although it is suppressed by the ratio of vev's and the mixing α as seen above. In the range of M φ ∼ OGeV this can be comparable to the Higgs exchange effect. The Higgs coupling to nucleus gNN is an unknown quantity. However, we shall take it to be gnn with the substitution m n → M.
Admittedly this is a gross attempt to capture the nucleon coherent effect. Furthermore, in general the form factor F H is different from F Z in Eq. (25) .
For the signal, we have to integrate over the appropriate neutrino spectrum. In general, the differential number of events per unit time is given by
where n i is the number of target nuclei in the detector, φ(E ν ) is the flux of the incoming neutrinos, E νmax is the maximum source neutrino energy, E νmin is the minimum required neutrino energy to induce the given recoil T given by
and a = SM, Z, H and can be read off from Eqs. (25, 26) . For a target with atomic number A, the minimal neutrino energy is ∼ 7 × A/100 MeV to generate a recoil energy of T = 1keV. The COHERENT experiment [17] utilizes neutrinos from a spallation source. There are three flavors of incoming neutrinos from π + decays almost at rest into µ + + ν µ and the muon subsequently decays into e + ν µ ν e . The ν µ from the first decay gives a monochromatic flux.
The muon decays are usually taken to be almost at rest. However, it is easy to take into account the energy of the muon which is given by E µ = m 2 π +m 2 µ 2mπ = 109.78MeV. The fluxes are calculated to be
where p µ is the muon 3-momentum and numerically |p| = 29.79MeV, also In order to get a set-up independent prediction, we can focus on the ratios of the signal with χ to the expected SM one. We first focus on the Z-mediated CEνNS. For our model, the total differential rate consists of the ones from SM neutrinos and those from χ ± ,
For notational simplicity we have dropped the flavor content of the incoming neutrino in the mixing elements, the other notation is obvious. Therefore, the ratio of total differential rate to the SM one deviates from unit by an amount of
. For simplicity, we assume |U 4 | 2 = |U 5 | 2 = |U χ | 2 . Then, at a given T ,
which is displayed in Fig.4(a,c) for SNS 2 and nuclear power plant neutrino sources. The reactor neutrino flux in [22] is adopted. However, note that there is no SM counter part for the scalar-mediated coherent scattering, and the mixings are different from the Z-mediated ones. Therefore, the scalar-mediated part is separated and compared to the Z-mediated SM one,
Again, we assume the couplings of the two shadow fermions are the same, and the quantity |U H | 2 is defined as
where
is of order unit as long as s α 10 −3 . If taking P 2 χ ∼ 1, then |U H | 2 ∼ y 2 χ . These are displayed in Fig.4(b,d) . On the other hand, if s α > 10 −3 , the process will be dominated by the light φ and P 2 χ ≫ 1. Note that the scalar-mediated CEνNS is not very sensitive to M 1,2 . Also, observe the jumps at around T ∼ 13keV in the SNS CEνNS. They are due to sharp T max cutoff from the monochromatic muon neutrino line, Eq.(29a).
It is seen that spallation neutron experiments are more sensitive to large splittings. Splitting of a 7keV and a 100keV will demand a very accurate measurement. This is to compare with reactor neutrino experiments which are less demanding in the signal but require a very low threshold for recoil energy, i.e., T < 1keV. This is beyond current capabilities for most proposed experiments. Successful development of cryogenic detectors such as the proposed [23] experiment may bring these measurements to reality. As compare to Kurie plot experiments, neutrino-nucleus coherent scatterings cannot probe χ splittings less than 100keV in the foreseeable future. On the positive side, they are sensitive to low energy scalar that can The second portal of X µ can be studied independently of the other two portals. Firstly we note that the kinetic terms including the mixing can be recast into canonical form through a GL(2) transformation. Explicitly, this is given by
After spontaneous symmetry breaking (SSB) X ′ and B ′ will mix, resulting in a shift in the SM Z mass. The physical neutral bosons consist of three states γ, Z, Z s . The transformation relating the weak and mass basis is given by 
where s W (c W ) denotes sin θ W (cos θ W )and similarly for the rotation angle η. The first rotation is the standard one that gives rise to the SM Z and the second one diagonalizes the mixing of the two Z bosons. The mixing angle is given by
where M 3 ≡ g s v s , φ = vs √ 2 . We shall use the shorthand notation c η (s η ) = cos η(sin η) and t 2η = tan 2η.In general ǫ is a free parameter; however, the success of the SM indicates that it has to be small. Clearly, the photon will remain massless, and the W bosons will be unchanged from the SM. Our notations follow that of [1] where details can be found.
The masses for the two massive neutral gauge bosons are readily found to be [1]
We see that the Z-boson has its mass shifted from the SM value of M SM Z = M W c W and receives a small contribution from the hidden sector. Similarly, the physical Z s mass comes mainly from the hidden sector with a small contribution from the visible sector. We shall see later that if we want χ to be warm dark matter, it is more natural to have M Zs ≫ M W . With
Other precision measurements constraints such as muon g − 2, atomic parity violation, and Møller Scattering are given in [1] and will not be repeated here.
C. Z → ffφ decays
As will be discussed in the next section, in order for χ to be WDM φ is expected to be light, m φ ∼ a few GeV, and long-lived, τ φ ∼ 1 sec. Through the Higgs portal, the SM Z boson now can have a tree-level 3-body decays Z → Z * φ →f f φ, where f is the SM fermions. The decay branching ratio is calculated to be [19, 24] :
where κ s is the mixing between φ and H, and
Due to its long lifetime, φ will escape the detector, and the apparent signal will be Z → f f + E. The SM background will be Z →f fνν. And f = µ, b are ideal options to search for such processes and prob the scalar mixing squared, κ 2 s , down to 10 −7 − 10 −8 with 10 12 fiducial Z's [24] . The smallest κ s can be reached is still roughly one order too big for φ to dilute the DM relic density. However, this search provides an interesting experimental cross check whether this model can accommodate the WDM in the way described in the next section.
VI. χ AS WARM DARK MATTER
The previous discussions are independent of whether and how χ can become WDM. Here we will examine the parameter space that allows χ to be such. We intend to give a broad brush description of a possible scenario, and will leave many interesting details for a future study. Most of the discussions given below do not depend on the fact that physical χ ± are Majorana fermions. If the splitting is small, then they will behave as one Dirac particle. If the splitting is large, then only the lighter one χ − will serve as DM. For clarity, we take χ to be Dirac. The Majorana case can be obtained byχ → χ c and use chiral projections where needed. We will specifically explore the hierarchy of scale M Zs
The small Z s − Z mixing will be denoted by η, see Eq.(39). After SSB of U(1) s , the physical degrees of freedom in the hidden sector are Z s , χ, φ 0 , where φ 0 is the physical scalar ℜφ. We shall also use the benchmark point M χ = 10keV, M φ = 2GeV to focus our discussion.
The secluded sector and the SM have very weak interactions through the portal interactions which are expected to be small. If the portal connections are switched off the two sectors will not establish thermal equilibrium, and cosmologically they evolve separately. If the portal interactions are small but not negligible, then the SM and the hidden sector can interact. In particular, χ can interact with the SM fields via Z s − Z mixing. The process χχ ↔ ff where f is a SM fermion can proceed via such a mixing. The cross-section at temperature T can easily be estimated to be given by
where g 2 is the SM SU(2) L gauge coupling. If this rate falls below the Hubble expansion rate, χ will freeze out. The freeze-out temperature T f can be estimated by setting n σv to be equal to the Hubble expansion rate and n is the number density of the freeze-out particle.
with g * being the effective number of degrees of freedom. It is given by
and g i is the number of spin states. MeV.
For a keV χ which we are interested in, it is relativistic at the freeze-out. Such a situation will lead to over closure of the universe.
To see this, we note that the number density per entropy is
and obtain the dilution factor
Insertin this dilution factor into Eq.(55)the relic density of χ is
Interestingly the dependence on g * (T f ) cancels out with this entropy dilution mechanism.
If we take T r to be slightly higher than 1 MeV then Eq.(52) gives g * (T r ) = 15.25, and with m φ = 2GeV one obtains the right amount of entropy dilution.
φ can decay into SM particles via the mixing with the SM Higgs. Its lifetime will depend on κ in Eq.(1) as well as other parameters in the scalar potential. The details are not important here and we will just denote this mixing by κ s . The width of φ → ff where f is a SM fermion is given by
where N c is the color of f , β f = 1 − 4m 2 f /m 2 φ , and α is the fine structure constant. However, for m φ ≃ 2GeV, the main decay is into a gluon pair. The rate is estimated to be [19] Γ gg = α s 3π
Demanding that τ φ ≃ 1 sec. leads to
whereas the upper bound comes from previous considerations.
While we have identified the parameter space for χ to be a WMD, we still have to ensure that there are no large processes that can generate significant numbers of χ during or after thermal freeze-out. One process in which χ's can be produced is φ 0 φ 0 → χχ. This is suppressed by large seesaw mass M N and can be neglected. Another source will be φ 0 → χχ.
The effective coupling is given by y χ ef f ≡ f 2 vs M N . We will require this mode to be less than the SM leads to a loose bound
A third process of producing χ is via active ν and χ oscillations [27, 28] . This deserves a detailed study which is beyond our scope. We note that if this mechanism saturates the bound on dark matter relic density, it gives a bound |U iχ | 2 ∼ 10 −9 (10keV/M χ ) [9] . However, the entropy dilution mechanism will loosen the above constraint.
To conclude this section, we note that φ in the mass range of 1 − 10GeV is notoriously challenging for experiments to discover. A direct detection will be impossible at the LHC [29] . However, the Higgs boson invisible decay can be searched for via H → φφ and the pair of φ's will act as missing energy as noted before. The width is
The ATLAS [30] and CMS [31] place a limit on invisible branching ratio B H→inv 24 − 30% at 95%C.L., which gives the constrain κ s .02. Hence, rare Z decays will still be the best probe of light and long-lived scalars.
VII. CONCLUSIONS
We have explored a simple model of secluded sector consists of only a Dirac fermion χ charged under a U(1) s . It has vector couplings to U(1) s and hence is not anomalous.
Furthermore, it can acquire a bare mass term M χχ χ. Although M χ is a free parameter, it is of particular interest if it has a value 1MeV that will make it a candidate for warm dark matter.
The secluded sector can be connected to the SM via three kinds of portals. The first is the seesaw portal (SP). It consists of three SM singlet righthanded neutrinos N R 's which allows us to implement type-I seesaw for active neutrino masses. The second portal is due to the kinetic mixing of U(1) s and the SM hypercharge U(1) Y . This is the gauge portal (GP).
U(1) s symmetry is broken spontaneously at a scale v s below the seesaw scale by a SM singlet scalar φ. We also take v s > v. The gauge invariant term φ † φH † H provides the third portal. This is commonly known as the Higgs portal (HP). Moreover, the gauge invariant χN R φ Yukawa couplings provide an indirect connection between χ's and the SM sector after N R is integrated out. All three portals have been discussed independently as simplified models for dark matter. Taken all three together reveals features that are not present in the simplified 1-portal models.
SP not only provides the seesaw mechanism for active neutrinos, but it also splits χ into two Majorana fermions. These can form Dirac mass terms with the active neutrinos. They act very much like sterile neutrinos although they are not. They originate from the hidden sector. They add to the structure of the neutrino mass matrix and contribute to 0νββ decays. They make their presence felt in the Kurie plots of β decays of nuclei as well as coherent low energy scattering of nuclei. The latter experiments have the added advantage that they can probe the new ν − χ − φ 0 vertex which β decay experiments do not.
In addition to producing a new gauge boson Z s , the GP also allows χ to interact with the SM. This allows χ to be thermally produced dark matter candidate. The phenomenology of the Z s , whose mass is expected to be in TeV, can be probed in electroweak precision measurements [1] and directly searched for at the LHC. The new invisible decay of the SM Z will also be an exciting channel for the Z-factory option of future lepton colliders such as the FCC-ee and CEPC [32, 33] .
In this study, we also found a new role for the portal scalar φ 0 . If it has a mass in the GeV range, it can act as an agent for entropy dilution and bring the relic density of the thermally produced χ to the range of the observed value. It can also be looked for in precision measurements of the Z-boson at the Z-factory [24] .
Although the model we explored is self-contained and renormalizable, it suffers from the same hierarchy problem that plagues the SM because of the use of an elementary scalar.
The U(1) s symmetry also has a Landau pole problem as in QED. Hence, it is reasonable to assume that it should be embedded in a more elaborate dark sector. If that is the case, one needs not demand χ to be a dark matter candidate. This opens up regions of parameter space that we have not discussed. We reiterate that the region of parameter space we have studied was motivated by looking at χ as a WDM candidate. The search of signatures for χ, Z s and φ in experiments we have discussed should be conducted with this general setting in mind.
